Upper and lower bounds are established on the Λ b → Λ c semileptonic decay form factors by utilizing inclusive heavy-quark-effective-theory sum rules. These bounds are calculated to leading order in Λ QCD /m Q and α s . The O(α 2 s β 0 ) corrections to the bounds at zero recoil are also presented. Several form factor models used in the literature are compared with our bounds.
I. INTRODUCTION
In the early development of heavy quark physics, much attention were put on the semileptonic heavy meson decays B → D ( * ) lν in order to extract information about the KobayashiMaskawa matrix element |V cb | [1] . As more and more data will accumulate for semileptonic heavy baryon decays, they can also serve as another independent determination of |V cb | [2] [3] [4] .
We have recently performed a thorough analysis of the bounds on the B → D ( * ) weak decay form factors using inclusive sum rules for semileptonic decays to order Λ QCD /m Q and first order in α s [5] . The O(α 2 s β 0 ) corrections at zero recoil were also included. In the present paper, we would like to extend the techniques in our previous work to baryons that contain a heavy quark.
As in the case of heavy mesons, heavy-to-heavy baryonic form factors are mainly taken from models. They are extensively used in the studies of backgrounds and efficiencies in experiments, and, for this reason alone, constraining them is important. For Λ b → Λ c transitions, where the initial and final baryons have the same light degrees of freedom, the Heavy Quark Effective Theory (HQET) relates all six form factors to a single Isgur- Wise function and predicts a specific value at zero recoil in the infinite mass limit [6] . In the HQET, the form factors and Isgur-Wise function are usually written as functions of ω = v · v ′ , with v being the four-velocity of the Λ b baryon and v ′ that of the recoiling Λ c baryon.
The analysis for heavy baryons is almost parallel to that for heavy mesons. One difference is the HQET parameters and heavy hadron masses appearing in each case. Another difference is that heavy baryons have an extra light quark. However, we will see that the power of inclusive sum rules still applies, regardless of the intricacy among the light degrees of freedom.
The layout of this paper is as follows: In Section II, we list the sum rule formulae for the model-independent bounds on form factors defined in Section III. Section III also gives the proper combinations of structure functions used later for the bounds on each of the baryonic form factors. Section IV provides the bounds on individual form factors explicitly, with the structure functions given in [5] , and discusses the influence of the various parameters appearing in the expansion of the bounds. Some popular form factor models are compared with our bounds in Section V. Order α 2 S β 0 corrections to the bounds at zero recoil are computed in Section VI. In Section VII, the bounds on the Λ b → Λ c lν decay spectrum and the slope are given. Our conclusions are summarized in Section VIII.
II. INCLUSIVE HQET SUM RULES
The sum rules are obtained by relating the inclusive decay rate, calculated using the operator product expansion (OPE) and perturbative QCD in the partonic picture, to the sum of exclusive decays rates, calculated in the hadronic picture. Since these had been derived previously [7-9, 
, where q 3 is the z component of the momentum transfer, q, to the leptonic sector and q is pointing in the z direction. Consider the time ordered product of two weak transition currents between Λ Q baryons in momentum space,
where J µ is a Q → Q ′ axial or vector current and j is the spin of |Λ Q (v, s) .. The bounds are then
where T (ǫ) ≡ a * µ T µν a ν , the product of T µν and four-vectors a * µ a ν . The integration variable ǫ = M Λ Q − E Λ Q ′ − v · q, E 1 is the energy of the first excited state more massive than Λ Q ′ , and ∆ is the scale up to which the perturbation sums over.
The upper bound is essentially model independent, while the lower bound relies on the assumption that there is no multiparticle production of hadrons in the final state. This additional assumption is in accord with the large N c limit and is supported as well by current experimental results. These bounds can be used for the decays at arbitrary momentum The above formulae are presented in terms of Λ-type baryons, however, they can be readily applied to other types of baryons too. Later on, we will restrict our analysis exclusively to the Λ-type semileptonic decays with Q → b and Q ′ → c, i.e., the Λ b → Λ c lν decays for which j = 1/2.
III. HADRONIC SIDE
The hadronic matrix elements for semileptonic decays of a Λ b baryon into a Λ c baryon are conventionally parameterized in terms of six form factors defined by
One may relate the parameter ω to the momentum transfer q 2 by ω = (M
With proper choices of the current J µ and the four-vector a µ , one can readily select the form factor of interest and, from Eq. (2), form the corresponding bounds.
To subleading order in 1/m Q in HQET, these form factors satisfy the relations: [10, 11] 
In the above equations, we have absorbed the corrections from the subleading kinematic energy into the Isgur-Wise function, ζ(ω).
To bound F 1 (or G 1 ), one may choose J µ = V µ (or A µ ) and a µ = (0, 1, 0, 0). Then the factor to be bounded is
|G 1 (ω)| 2 and the sum rule used to bound is
. In this and the following cases, the corresponding first excited state more massive than Λ c that contributes to the sum rule is the Λ c (2593) state.
1
It is impossible to bound F 2 and F 3 individually with any choice of a µ . The next best thing we can do is to bound a linear combination of them. To prevent the bounds from diverging at zero recoil, we choose
Then the factor to be bounded is
, and the sum rule requires the following combination of structure functions
A similar situation occurs for G 2 and G 3 . Here the choice would be J µ = A µ and
). The bounded factor is ω−1 2ω
and
is the combination for the sum rule.
From Eq. (4), we know
is not an allowed transition because of the isospin.
IV. PARTONIC SIDE AND THE BOUNDS
The analysis will be performed to first order in α s (m Q ) (∼ 0.3 at 2 GeV) and Λ QCD /m Q and, furthermore, only terms linear in ω − 1 are kept for the perturbative part. The full ω dependence will be kept in the nonperturbative physics. Corrections of order Λ
2 should be negligible in the kinematic region that we are considering.
We will use essentially the same notation as in [5] . Since Λ b and Λ c are spin- 
In Eq. (7),Λ B and λ Later on, we will go back to the usual notation without attaching superscripts explicitly.
To form the bounds, one just takes the proper moments of the structure functions according to the combination required in the sum rules given in Section III. To this order, the Λ QCD /m Q corrections will depend on two HQET parameters;Λ, λ 1 . As mentioned above, we take their values from the mesonic ones, where a certain linear relation has been determined [13] . We will use three different parameter sets to show the dependence onΛ and λ 1 : The sum rule for bounding (ω − 1) |F 1 (ω)| 2 /(2ω) uses T 1 with vector-vector currents.
The upper bound is simply the zeroth moment of T 1 , which is by Eq. (2) (ω − 1) 2ω 
The thick solid (dotted) curves are the upper and lower bounds including perturbative corrections for HQET parameter set (A) described in the text, and ∆ = 1 GeV (2 GeV). The dashed curves are the bounds without perturbative corrections, also for HQET parameter set (A). The thin solid curves show the dependence onΛ and λ 1 , using parameter sets (B) and (C), with ∆ = 1 GeV. Here the outer two thin solid curves are from parameter set (B), while the inner two curves from set (C)
The first moment of T 1 is needed for the lower bound, which is
The upper and lower bounds are shown in Fig. 1 . 
The lower bound is (ω 
They are plotted in Fig. 3 . Notice that at tree level both bounds are identically zero. This can be easily understood from the relations in Eq. (4), The upper bound for (ω − 1) |G 2 (ω) + G 3 (ω)| 2 /2ω is, from Eq. (6),
The lower bound is (ω − 1)
, with 
The bounds on this form factor are shown in Fig. 4 . Again, for the same reason as in the previous case, both the upper and lower bounds at tree level are identically zero, and the upper bound does not split for different parameter sets. The perturbative corrections also push both bounds in the current case away from zero; and using ∆ = 2 GeV in the calculation widens the upper bound by more than a factor of 2.
At O(Λ QCD /m Q ), the upper bounds will not depend upon λ 
V. COMPARISON WITH MODELS
We choose from the literature the following commonly used form factor models for comparison with our bounds: As mentioned above, λ 1 andΛ are not easy to obtain experimentally. Here we pick the parameter set (A) discussed above,Λ = 0.74 GeV, λ 1 = −0.43 GeV 2 . The uncertainty on λ 1 andΛ will correspondingly slightly modify our bounds, as discussed before. presumably, will nicely fit into our bounds near zero recoil if renormalization corrections are included. Fig. 7 and Fig. 8 show that all the model predictions are well within our bounds for
The scale we chose for these plots was ∆ = 1 GeV, since this gives tighter bounds. Had we chosen 2 GeV as our working scale, the bounds would be less stringent and thus would accommodate the models which originally fell slightly outside our bounds.
As in the case of heavy mesons, one can perform analogous numerical calculation to get the α 2 s β 0 contribution to structure functions and the bounds at zero recoil [19, 20] . The results for the zeroth and first moments of the structure functions are presented in Table 1 ω of [5] , for ∆ = 1, 2 GeV.
The O(α 2 s β 0 ) corrections to the upper and lower bounds on the form factors at zero recoil are shown in Table 1 for ∆ = 1 GeV. In this case, the O(α 2 s β 0 ) corrections are seen to be rather small, which gives us confidence that the perturbative expansion for the bounds is under control.
VII. BOUNDS ON SEMILEPTONIC DECAY SPECTRUM AND ITS SLOPE
The differential decay rate of Λ b → Λ c lν is
where 
In the linear approximation in ω − 1, F (z, ω) 2 can be expanded to be
where
is the slope of the spectrum at zero recoil. The combination of structure functions
The bounds are drawn in Fig. 9 . Here we use the decay rate spectrum over the full kinematic range to extract the bounds for the slope. As seen from the bounded region in the plot, the allowed range of the slope is 0.87 < ρ 
VIII. DISCUSSION
Many of the general features of our bounds had been mentioned in our previous work [5] . In the specific application of these bounds to heavy baryons, we find that they provide more stringent conditions on the leading form factors, F 1 and G 1 . Looser bounds hold for "subleading" form factors that are suppressed by 1/M Q in magnitude, namely, |F 2 − F 3 | and |G 2 +G 3 |. Our bounds typically have much better predictive power near maximal momentum transfer. However, they are not stringent enough in the above mentioned "subleading" form factors. This is because both the form factors are too small and the whole factor is suppressed by ω−1. However, perturbative corrections do not give vanishing contributions to the bounds at zero recoil. The bounds also become less stringent as ∆ increases. Therefore, we should use the smallest value of ∆ for which the perturbative expansion still works.
We also observed that the O(α We show the bounds for the differential decay rate of Λ b → Λ c lν and give bounds on its slope, 0.87 < ρ 2 Λ b < 4.82. None of the models quoted here take into account the renormalization corrections, and therefore they fail specific bounds, such as the one in Fig. 7, as ω → 1. In particular, this will affect the extraction of the Kobayashi-Maskawa matrix element |V cb | from the zero recoil limit of the semileptonic decay spectrum. Also, this will give an incorrect estimate on the experimental backgrounds and efficiencies. Therefore, the models should be properly modified accordingly to have more sensible form factors. 
